Mesenchymal stromal cells (MSCs) and their derivatives localize to tumor sites and are major cellular compartments of tumor microenvironments.[@B1],[@B2] Despite extensive studies, the effects and mechanisms of MSCs in tumor invasion and metastasis are not fully understood. Many studies have shown that MSCs promote tumor progression and metastasis, while other studies have reported that MSCs suppress tumor growth.[@B3],[@B4],[@B5],[@B6],[@B7] This discrepancy might be associated with variation in experimental conditions, including cancer cell types, MSC resources, injected cell numbers/timing, host animal models, and other factors.[@B3]

Most studies of MSC-cancer interactions have focused on epithelial malignancies, including breast cancer,[@B4],[@B6],[@B7],[@B8] while few studies of MSC-sarcoma interactions are found in the literature.[@B9],[@B10] Tsukamoto et al.[@B9] reported MSC-associated tumor progression in a rat osteosarcoma model, and Xu et al.[@B10] described the effects of human MSCs (hMSCs) on human osteosarcoma progression. Osteosarcoma, defined as malignant neoplasm showing evidence of malignant bone formation, is very heterogeneous in terms of differentiation, genetic profiles, and clinical behavior.[@B11],[@B12] Fibrosarcoma is the least differentiated type of mesenchymal malignancy and is defined as a spindle cell malignant neoplasm lacking any line of specific differentiation,[@B13] which implies that it has the least heterogeneous characteristics among the sarcomas.

The purpose of the current study was to investigate the effects of MSCs on the growth and progression of fibrosarcomas. We observed morphological evidence for MSC-associated tumor progression in human, mouse, and rat sarcoma models, and in a gastric cancer cell metastatic model.

MATERIALS AND METHODS
=====================

This is an institutional review board-approved study (CUMC-2012-0026-02 and KC10SNSI0689).

Cell lines and cell culture
---------------------------

A human fibrosarcoma cell line (HT1080), mouse fibrosarcoma cell line (WEHI164), and rat Schmidt-Ruppin sarcoma cell line (RR1022) were obtained from American Type Culture Collection (ATCC, Manassas, VA, USA). The human gastric cancer cell line SNU-620-5FU/1000 (5FU) was obtained from the Korean Cell Line Bank (Seoul, Korea). The hMSCs used in this study were human bone marrow-derived MSCs (Catholic MASTER Cells) obtained from the Catholic Institute of Cell Therapy (CIC, Seoul, Korea). Mouse MSCs (mMSCs) were isolated from C57BL/6 mice, and rat MSCs (rMSCs) were isolated from Sprague-Dawley rats, as described previously.[@B14] In brief, femora and tibiae were harvested and carefully cleaned of adherent soft tissue, the epiphyses were removed, and the bone was flushed with phosphate buffered saline (PBS; Welgene, Daegu, Korea). Bones were dissected into fragments of 1-3 mm^3^ and digested in Dulbecco\'s modified Eagle\'s medium (DMEM; Welgene) supplemented with collagenase type I and dispase (Gibco, Grand Island, NY, USA) for 1-2 hours in an incubator. The bone fragments were washed thoroughly with PBS and then cultivated in a 100-mm dish in DMEM supplemented with 10% fetal bovine serum (FBS; Welgene), 100 IU/mL penicillin, and 100 µg/mL streptomycin (Gibco) at 37℃ in a 5% CO~2~ humidified incubator. Non-adherent cells were removed after 72-96 hours, and when the adherent cells reached 90% confluence, they were harvested with trypsin/EDTA (Gibco) and replated. MSCs, passages 5-9, were used after characterization by fluorescence activated cell sorting analysis (data not shown). HT1080 was maintained in DMEM, and WEHI164 and RR1022 were maintained in RPMI1640 with supplements of 10% vol/vol FBS, 2 mM L-glutamine, 100 IU/mL penicillin, and 100 µg/mL streptomycin. We cultivated hMSCs, mMSCs, and rMSCs in DMEM containing 10% vol/vol FBS, 2 mM L-glutamine, 100 IU/mL penicillin, and 100 µg/mL streptomycin. All cells were incubated at 37℃ in a humidified atmosphere containing 5% CO~2~.

Animals and immunosuppression
-----------------------------

All experiments using mice and rats were conducted in accordance with a protocol approved by the Institutional Animal Care and Use Committee (IACUC) of the Catholic University (Seoul, Korea). Nonobese diabetic/severe combined immunodeficient (NOD/SCID)/IL-2Rγ^-/-^ (NOG/SCID) mice were purchased from the Jackson Laboratory (Bar Harbor, ME, USA). Female Sprague-Dawley rats and C57BL/6 mice were purchased from Orient Bio (Seongnam, Korea). Animals were housed under pathogen-free conditions and were given autoclaved food and water.

To establish immunosuppression in the Sprague-Dawley rats and C57BL/6 mice, FK-506 (tacrolimus) and dexamethasone (Cayman Chemical, Ann Arbor, MI, USA) were dissolved in saline at a concentration of 1 mg/mL and sterilized with a 0.22-µm filter (Millipore Co., Billerica, MA, USA). Both immunosuppressants were intraperitoneally administered 1 mg/kg/day each for 3 days before cell injection.

*In vitro* growth kinetics assay
--------------------------------

The *in vitro* growth kinetics assay was performed in triplicate in 6-well cell culture plates (Falcon, BD Bioscience, San Jose, CA, USA). For the co-culture assay, hMSCs were irradiated with 40 Gy for growth inhibition. HT1080 alone, hMSCs alone, and HT1080 co-cultured hMSCs were cultured at a starting cell number of 1.0×10^4^ cells each. The proliferation status (i.e., cell number) was evaluated with a LUNA automated cell counter (Logos Biosystems, Annandale, VA, USA) on days 2-6 ([Fig. 1](#F1){ref-type="fig"}).

Modified colony-forming cell assay
----------------------------------

Colony-forming cell (CFC) assays are used to quantify progenitors via a simple *in vitro* assay.[@B15] We adopted and modified a previously published method to determine the appropriate cell dose for *in vivo* inoculation. In brief, serially diluted cells (5, 10, 50, 100, 400, and 1,000 cells) for HT1080, WEHI164, and RR1022 were plated in a 24-well culture plate (Falcon, BD Bioscience). After 7 or 10 days of incubation, the culture dishes were washed gently, air dried, and then stained with hematoxylin. Under an inverted microscope, the numbers of demarcated areas of cell proliferation (colony formation) were counted. The mean number of colonies/plated cell number was referred to as the CFC frequency. All experiments were performed in triplicate.

*In vivo* tumor formation and growth in the presence or absence of MSCs
-----------------------------------------------------------------------

Experiment I ([Fig. 2A-C](#F2){ref-type="fig"}): HT1080 alone (group 1), HT1080 combined with hMSCs (group 2), and hMSCs alone (group 3) in 100 µL of PBS were inoculated into the subcutaneous tissue of the abdomens of 6- to 8-week-old NOG/SCID mice, 5×10^4^ cells for HT1080 and 1×10^5^ cells for hMSCs. Each group consisted of six mice and was evaluated for tumor formation, tumor volume, microscopic growth pattern, and lung metastatic nodules on day 14.

Experiment II ([Fig. 2D-F](#F2){ref-type="fig"}): WEHI164 alone (group 1) and WEHI164 combined with mMSCs (group 2) in 100 µL PBS were inoculated into the subcutaneous tissue of the backs of 6- to 8-week-old Sprague-Dawley rats, 4×10^4^ cells for WEHI164 and 1×10^5^ cells for mMSCs. Each group consisted of six rats and was evaluated for tumor formation on day 21.

Experiment III ([Fig. 2G-I](#F2){ref-type="fig"}): RR1022 alone (group 1) and RR1022 combined with rMSCs (group 2) in 100 µL PBS were inoculated into the subcutaneous tissue of the abdomens of 6- to 8-week-old C57BL/6 mice, 1.5×10^4^ cells for RR1022 and 1×10^5^ cells for rMSCs. Each group consisted of six mice and was evaluated for tumor formation on day 14.

Experiment IV ([Fig. 3](#F3){ref-type="fig"}): For 5FU alone (group 1) and 5FU combined with hMSCs (group 2), 1×10^5^ cells in 100 µL PBS, were inoculated into the subcutaneous tissue of the backs of 6-week-old NOG/SCID mice. Each group consisted of three mice and was evaluated for tumor formation, microscopic growth characteristics, and lung metastasis at 10 weeks.

After sacrifice, tumor tissues were measured by caliper, and volume was calculated according to the following formula: volume=0.2618×L×W×(L+W).[@B16] The number of lung metastatic nodules for each animal was counted macroscopically and microscopically. Samples from subcutaneous tumors and lung metastatic lesions in each group were fixed in 3.7% formaldehyde neutral buffer solution and then processed routinely for histology, stained with hematoxylin and eosin, and examined under light microscopy.

Immunohistochemical staining
----------------------------

Immunohistochemical staining was performed according to conventional protocols. In brief, 4-µm-thick formalin-fixed paraffin embedded tissue sections were processed for deparaffinization, antigen retrieval, and endo-blocking and then incubated with primary antibody cytokeratin AE1/AE3 (1:100, Dako, Cambridgeshire, UK). After washing, the slides were incubated with secondary antibody (K5007, Dako Real Envision/HRP) for 30 minutes at room temperature and were then visualized with DAB (K5007, Dako Real DAB+Chromogen) and counterstained with hematoxylin.

Statistical analysis
--------------------

Data were statistically analyzed for significant differences using the Graph Pad Prism ver. 5.0 statistical package (Graphpad, La Jolla, CA, USA). Student\'s t-test was used to assess differences in means and to assess statistical significance. Results were expressed as means±standard deviation, and a value of p\<.05 was considered statistically significant.

RESULTS
=======

MSC co-culture promotes *in vitro* growth of fibrosarcoma cells
---------------------------------------------------------------

To investigate the effect of hMSCs on the proliferation of human fibro sarcoma cells, we performed a co-culture assay with HT1080 in the presence or absence of hMSCs. There was little difference in the cell numbers of both groups by day 3. However, during the exponential growth phase after day 4, the hMSC-co-cultured group showed significantly more rapid growth compared with HT1080 alone ([Fig. 1A](#F1){ref-type="fig"}). On day 6, hMSC-co-cultured HT1080 showed 2.14 times more rapid growth compared with HT1080 alone (79- vs 37-fold change, p\<0.05) ([Fig. 1B](#F1){ref-type="fig"}). The cell density of hMSC-co-cultured HT1080 was higher than that of HT1080 alone, consistent with the increase in cell number ([Fig. 1C](#F1){ref-type="fig"}). Irradiated hMSCs showed significant increases in cell size and cell processes ([Fig. 1C](#F1){ref-type="fig"}) but not in cell number (10,667 cells at day 6/10,000 cells when initially plated).

CFC assay
---------

To determine the inoculation cell number for *in vivo* experiments, we assessed the CFC frequencies of the sarcoma cells of human, mouse, and rat origins. The CFC frequencies were calculated as 1/5 (20%), 1/4 (25%), and 1/1.5 (66.6%) for HT1080, WEHI164, and RR1022, respectively. RR1022 was the most colony-genic ([Table 1](#T1){ref-type="table"}). To induce rapid *in vivo* tumor development and avoid cell dose-dependent variables, 10,000 CFC equivalent cells were inoculated for experiments to test the effects of MSCs on fibrosarcoma.

Effects of MSCs on *in vivo* growth of human fibrosarcoma cells in NOG/SCID mice
--------------------------------------------------------------------------------

The 10,000-CFC equivalent for HT1080 cells was 5×10^4^ cells. HT1080 alone (group 1). HT1080 combined with hMSCs (group 2), and hMSCs alone (group 3) were inoculated into the subcutaneous tissues of NOG/SCID mice (n=6). Tumor formation began to be detected on day 7 in group 1 and group 2, but no tumor formation was detected in group 3 by the end of the experiment. To investigate early stage growth characteristics in the presence or absence of hMSCs, mice were sacrificed on day 14. The number of tumors in the hMSC-co-injected group was significantly greater than that of HT1080 alone (62.01±28.83 mm^3^ vs 30.08±25.74 mm^3^, p=.035) ([Table 2](#T2){ref-type="table"}, [Fig. 2A, B](#F2){ref-type="fig"}). All HT1080 tumors showed expansile growth with good demarcation in the absence of hMSCs, whereas all tumors in the presence of hMSCs showed highly infiltrative growth ([Fig. 2C](#F2){ref-type="fig"}).

Effects of MSCs on *in vivo* growth of mouse and rat sarcoma cells in xeno-environment animal models
----------------------------------------------------------------------------------------------------

The 10,000-CFC equivalent for WEHI164 cells was 4×10^4^ cells. WEHI164 alone and WEHI164 combined with mMSCs were inoculated into the subcutaneous tissue of Sprague-Dawley rats (n=6). Five rats died of infection before the detection of tumor formation, which began at day 10. All live rats were sacrificed on day 21. Tumors in the mMSC-co-injected group (n=4) showed greater volume than those of WEHI164 alone (n=3) (108.68±134.09 mm^3^ vs 16.12±18.48 mm^3^, p=.141) ([Table 2](#T2){ref-type="table"}, [Fig. 2D, E](#F2){ref-type="fig"}). All WEHI164 tumors showed nodular, compact, and expansile growth with relatively good demarcation in the absence of mMSCs, whereas all tumors in the presence of mMSCs showed infiltrative growth ([Fig. 2F](#F2){ref-type="fig"}).

The 10,000-CFC equivalent for RR1022 cells was 1.5×10^4^ cells. RR1022 alone and RR1022 combined with rMSCs were inoculated into the subcutaneous tissue of C57BL/6 mice (n=6). Seven mice died of infection before the detection of tumor formation, which began on day 8. All live mice showed tumor formation and were sacrificed on day 14. Tumors of the mMSC-co-injected group (n=3) showed greater volume than those of RR 1022 alone (n=2) (120.46±63.81 mm^3^ vs 8.58±5.51 mm^3^, p=.050) ([Table 2](#T2){ref-type="table"}, [Fig. 2G, H](#F2){ref-type="fig"}). All RR1022 tumors showed nodular and expansile growth with relatively good demarcation in the absence of mMSCs, whereas all tumors in the presence of mMSCs showed infiltrative growth dissecting the adjust collagen bundles ([Fig. 2I](#F2){ref-type="fig"}).

Effects of MSCs on *in vivo* tumor progression of human gastric cancer cells in NOG/SCID mice
---------------------------------------------------------------------------------------------

To assess the impact of MSCs on late stages of tumor progression, relatively slow *in vivo* growing cancer cells, 5FU, were inoculated into the subcutaneous tissue of NOG/SCID mice in the presence or absence of hMSCs (n=6). Mice began to form tiny but palpable nodules earlier than week 5, and they were maintained with monitoring twice a week. By week 10, the largest tumors had grown to more than 1.0 cm in diameter, so the mice were sacrificed. The tumors were multi-nodular or irregular, which made it difficult to measure their sizes exactly. However, the shapes and demarcation of the tumors were quite different between the groups. All tumors of 5FU alone were nodular in shape and showed compact expansile growth with good demarcation and no definite lung metastatic nodule ([Fig. 3](#F3){ref-type="fig"}, upper panels), whereas tumors grown in the presence of hMSCs showed highly desmoplastic and infiltrative growth and multiple lung metastasis ([Fig. 3](#F3){ref-type="fig"}, lower panels). Irregular-sized nesting and infiltrating tumor cells were positive for cytokeratin, but desmoplastic spindle cells were negative. The multiple lung metastatic nodules were strongly positive for cytokeratin immunostaining.

DISCUSSION
==========

A great deal of evidence has accumulated concerning the role of MSCs in tumor progression, in contexts such as cancer cell proliferation, invasion, and metastasis. However, the exact effects and mechanisms underlying these observations have not yet been clearly explained. This is likely due to the intrinsic attributes of cancer types, which explains the variable effects of MSCs on tumor progression.[@B3] Fibrosarcoma, in lacking any specific differentiation characteristics, is a useful cancer model because of its limited heterogeneity. The purpose of the current study was to investigate the effects of MSCs on the growth and progression of fibrosarcomas and to evaluate the similarity of these effects in various MSC-fibrosarcoma xeno-environment models.

Fibrosarcoma is a malignant neoplasm that maintains mesenchymal characteristics in terms of phenotype and gene-expression profile.[@B13] Although many studies of cancer-microenvironment interactions have focused on epithelial malignancies,[@B1],[@B4],[@B8] it has been suggested that some sarcoma cells require interactions with their microenvironments for growth and metastasis.[@B9] In the current study, we demonstrated the advantages of hMSC-co-cultured conditions, as sarcoma proliferation increased more than two times in conditions with hMSCs compared to those without hMSCs. The proliferation of hMSCs themselves is significantly reduced by irradiation with doses up to 20 Gy.[@B17] Moreover, in the current study, hMSCs were irradiated with 40 Gy and showed little change between initially plated cells and cultured cells in terms of morphology and cell number. MSCs are relatively radioresistant, and maintain their differentiation potential without an increase of irradiation-induced apoptosis at a dose range of up to 20 Gy.[@B18],[@B19] Taken together, these findings suggest that hMSCs promote fibrosarcoma cell proliferation not as proliferating bodies themselves but as supportive elements.

To investigate whether the supportive effects of hMSCs on fibrosarcoma cells works *in vivo*, we conducted co-injection experiments using hMSCs and HT1080 and found that *in vivo*, tumor growth is enhanced in the presence of hMSCs. Moreover, hMSC-co-injected tumors showed aggressive tumor growth characteristics. Infiltrative growth was previously regarded as pro-metastatic behavior. To counter concerns that increased tumor volume could be attributed to the proliferation of co-injected hMSCs, studies have found that inoculated MSCs alone become undetectable within two weeks.[@B2] In addition, in the current study, no definite nodule formation was detected at the inoculation sites of hMSCs alone at two weeks. Taken together, these findings suggest that hMSCs not only promote *in vivo* tumor growth but also favor pro-metastatic infiltrative growth of human fibrosarcoma cells.

To explore the significance of this phenomenon, MSCs and fibrosarcoma cells of nonhuman origin were investigated. To provide experimental conditions similar to those of the xeno-environment, mouse fibrosarcoma cells and mMSCs were injected into Sprague-Dawley rats, and rat sarcoma cells and rMSCs were injected into C57BL/6 mice, under induced immunosuppressed conditions. Mouse and rat sarcoma cells co-injected with mMSCs and rMSCs, respectively, resulted in greater tumor formation in comparison with those without matched MSCs, similar to the results of previous studies. Unfortunately, the loss of some mice and rats due to infection resulted in failure to achieve statistical significance. Infiltrative growth patterns, however, were apparent in all MSC-co-injected groups for both sarcoma cells. Infiltrative growth has been regarded as an unfavorable tumor behavior and a pro-metastatic factor.[@B17]

Few studies have focused on MSCs as a tumor microenvironment of sarcomas.[@B9],[@B10] The hMSCs have been reported to migrate to the osteosarcoma site, integrate into the tumor stroma, and thereby promote tumor growth and metastasis.[@B10] Osteosarcoma is a specialized committed type of malignant mesenchymal tumor with the ability to form osteoids, which is what differentiates it from fibrosarcoma lacking osteoblastic differentiation. To the best of our knowledge, our results are the first regarding the effects of MSCs on fibrosarcoma cells.

Due to the rapid growth of fibrosarcoma cells and the infection risk of induced immunosuppressed animal models, our MSCs-fibrosarcoma in xeno-environment models were useful only to assess MSC effects in the early stages of tumor progression. To evaluate the late stages of metastasis, a more stable model is required.

To investigate the effects of hMSCs on tumor progression and metastasis, relatively slow growing gastric cancer cells, 5FU, were injected into the stable immunocompromised animal model of NOG/SCID mice. As expected, hMSCs promoted desmoplastic and highly infiltrative tumor growth and metastasis to the lung. These results are compatible with those of earlier studies.[@B20],[@B21] For example, Nomoto-Kojima et al.[@B20] reported that adipose tissue stromal cells promote the progression of gastric cancer cells *in vitro*. Bone marrow-derived MSCs were recruited into the inflammatory gastric mucosa and contributed to tumorigenesis and tumor progression via a cytokine-mediated interaction.[@B21] However, to the best of our knowledge, our results are the first demonstrating morphological evidence for MSC-associated gastric cancer progression in an animal model.

In conclusion, the results of the current study constitute morphological evidence for MSC-associated tumor progression of fibrosarcomas and gastric cancer cells. Understanding the relationships between MSCs and tumor progression will lead to further insights into tumor progression mechanisms and eventually to targeted treatment strategies.
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![Effects of mesenchymal stromal cells (MSC) on *in vitro* proliferation of human fibrosarcoma cells (HT1080). (A) *In vitro* growth kinetics of HT1080 cells in the presence of human-MSC (hMSC) are significantly enhanced compared to cells grown in the absence of hMSC. (B) The change is about 80-fold for hMSC-cocultures HT1080, but 40-fold for HT1080 alone. (C) Representative cell densities of cultured cells. Irradiated hMSCs show little change between cultures on days 2 and 5. ^a^p\<.05 by student\'s t-test.](kjpathol-48-217-g001){#F1}

![Effects of mesenchymal stromal cells (MSC) on *in vivo* proliferation and invasion of various sarcoma cell types. Tumors of the MSC-treated groups of human sarcoma cells in NOG/SCID mice (A-C), mouse sarcoma cells in Sprague-Dawley rats (D-F), and rat sarcoma cells in C57BL/6 mice (G-I) show significantly increased and highly infiltrative growth compared with controls. Human MSC alone does not form tumors. HT1080, human sarcoma cell; WEHI164, mouse sarcoma cell; RR1022, rat sarcoma cell; hMSC, human mesenchymal stromal cell; mMSC, mouse mesenchymal stromal cell; rMSC, rat mesenchymal stromal cell. ^a^p=.035, ^b^p=.14, and ^c^p=.050 by Student\'s t-test.](kjpathol-48-217-g002){#F2}

![Effects of mesenchymal stromal cells (MSC) on invasion and metastasis in NOG/SCID mice bearing 5FU cells, a human gastric cancer cell line. Subcutaneous inoculation of 5FU alone results in compact expansile growth without lung metastasis (upper panels), whereas 5FU combined with human MSC (hMSC) shows marked desmoplastic and infiltrative growth and lung metastasis, highlighted by immunostaining for cytokeratin (lower panels). CK, cytokeratin.](kjpathol-48-217-g003){#F3}
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Colony-forming cell (CFC) assay
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Values are presented as number (%).

HT1080, human fibrosarcoma cells; WEHI164, mice fibrosarcoma cells; RR1022, rat sarcoma cells.
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The effects of MSCs on *in vivo* growth characteristics of various sarcoma cells
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Sprague-Dawley rats and C57BL/6 mice are immunosuppressed with FK-506 and dexamethasone, 1 mg/kg/day, each.

HT1080, human fibrosarcoma cells; WEHI164, mice fibrosarcoma cells; RR1022, rat sarcoma cells; hMSC, human mesenchymal stromal cell; mMSC, mouse mesenchymal stromal cell; rMSC, rat mesenchymal stromal cells.
